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Impact of Egg Storage on Carbonic Anhydrase Activity
During Early Embryogenesis in the Turkey
M. R. Bakst*,1 and L. Holm†
*Germplasm and Gamete Physiology Laboratory, Agricultural Research Service, US Department of Agriculture,
Beltsville, Maryland; and †Department of Animal Physiology, Center for Reproductive Biology in Uppsala,
Swedish University of Agricultural Sciences, Box 7045, 750 07 Uppsala, Sweden
ABSTRACT Carbonic anhydrase is an enzyme that
plays important roles in the conversion of carbon dioxide
to bicarbonate, acid-base balance, and in subembryonic
fluid formation in the early Japanese quail embryo. While
turkey egg storage longer than 10 d is known to increase
the rate of embryo mortality, little is known of the biologi-
cal mechanisms that contribute to this phenomenon. In
this study, we examined the impact of turkey egg storage
on carbonic anhydrase activity in the freshly laid egg
through 72 h of incubation. Carbonic anhydrase activity,
which was not affected by egg storage for 21 d at 18°C,
was first observed in the germ wall, that area of yolk
(Key words: carbonic anhydrase, turkey embryo, yolk sac, endodermal cell, extra-embryonic cell membrane)
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INTRODUCTION
At the onset of embryogenesis, the turkey blastoderm
progresses from a single layer of cells at the time of ovipo-
sition to a three-layered embryo within 36 h of incubation.
The pH of albumen is 7.6, and the pH of the yolk is about
6.0 at oviposition. But within 24 h of oviposition, the pH
of albumen reaches 9.5, and the pH of yolk 6.5. Recogniz-
ing this physiological asymmetry between the dorsal sur-
face (albumen) of the blastoderm to its ventral surface
(yolk), several authors have investigated the fluid and
ion transport systems across blastoderm cells and in the
chorioallantoic membrane of more developed embryos
(Tuan, 1984; Stern et al., 1985; Stern, 1991).
Carbonic anhydrase (CA) is an enzyme which catalyzes
CO2 + H+ OH− ⇔ HCO−3 + H+. There are at least 14 known
CA isozymes and, in general, CA plays a major role in
maintaining an acid-base balance in cells and tissues.
Given the high rate of cell division during early em-
bryogenesis (30,000 blastodermal cells at the time of ovi-
position, about 26 h post fertilization) and during incuba-
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subjacent to the area opaca, after 24 h incubation. By 48
and 72 h, the yolk sac had formed with the yolk sac
endoderm and was strongly positive for carbonic anhy-
drase. In contrast, mesodermal and ectodermal layers
were negative. Our observations support recent studies
showing carbonic anhydrase activity associated with the
endodermal cell of the yolk sac in Japanese quail embryos
and that such activity appears to be involved with subem-
bryonic fluid formation in the turkey. This work also
demonstrated that if an embryo survives cold egg storage,
carbonic anhydrase activity does not appear to be af-
fected.
tion, one would assume CA plays a role in the conversion
of carbon dioxide to bicarbonate. Only a limited number
of papers are available on the role of CA in the avian
embryo, and these are limited to the role of CA in the
chorioallantoic membrane (see Tuan, 1984 for review).
More recently, Babiker and Baggott (1995) and Latter and
Baggott (2002) described a probable role of CA in subem-
bryonic fluid formation by the endodermal cells lining
the area vasculosa in the 72-h incubated Japanese quail
egg. More specifically, they stated that the endodermal
cells facing the yolk are involved with the transport of
water and sodium ions from albumen to the yolk sac.
Failure of adequate transfer of water to the yolk sac be-
tween 3 and 7 d of incubation can be detrimental to em-
bryonic growth and development (Deeming, 1989a,b).
Turkey egg storage is an integral part of the US com-
mercial turkey industry. If market demand for fertile eggs
and poults is low, eggs must be stored for possible sale
in the future. Conversely, if market demand is high, eggs
must be stored (at times, up to 3 to 4 wk) in order for
the hatchery to accumulate enough eggs to fill a purchase
order. For reasons yet to be elucidated, prolonged egg
storage depresses hatchability. In the turkey industry,
hatchery personnel state that for every day of storage
Abbreviation Key:CA = carbonic anhydrase; PL = perivitelline layer.
BAKST AND HOLM1194
beyond 10 d, a 1% drop in hatchability is anticipated.
Notwithstanding this drop in hatchability, egg storage
remains a common hatchery practice.
In the following study, we examined the impact of cool
egg storage on CA activity of the turkey embryo from
oviposition through 72 h incubation. Given the nearly
1,000-fold gradient in H+ from the dorsal to the ventral
surface of the blastoderm (Stern, 1991) and considering
the high rate of cell proliferation and subsequent carbon
dioxide production, it was assumed that CA activity may
play a significant functional role in pH balance and dissi-
pation of carbon dioxide. Furthermore, the work by Babi-
ker and Baggott (1995) and Latter and Baggott (2002)
describing a probable role of CA in subembryonic fluid
formation, coupled with observations by Deeming
(1989a,b) suggesting that failure of adequate water trans-
fer to the yolk sac retards embryonic growth, has led us
to speculate that the disruption of CA activity as a result
of prolonged cool egg storage could be the basis of early
embryonic mortality. To examine this hypothesis, we
used an established histochemical procedure (Ridders-
tra˚le, 1976, 1991) to localize CA activity in turkey embryos
removed from fresh and from stored (21 d at 18°C) eggs
before and after incubation.
MATERIALS AND METHODS
All eggs used in this study were obtained from a com-
mercial turkey breeder using BUTA hens (39 to 41 wk old)
that were inseminated weekly with 300 million sperm. For
the ‘stored’ egg group, eggs were collected on a Monday
and stored in an 18°C-cool room for 21 d. The ‘fresh’ eggs
were collected on a Friday and stored in the same cool
room for about 2.5 d. All eggs were removed from the
cool room and equilibrated to ambient temperature for 6
h before setting. Unincubated blastoderms from fresh and
stored eggs were isolated at the time the other eggs were
set. Embryos were staged by the method of Gupta and
Bakst (1994) when observed prior to the onset of primitive
streak formation, or Hamburger and Hamilton (1951)
when observed at the onset of primitive streak formation
and thereafter. All isolated embryos were fixed for 2 h
in 2.5% glutaraldehyde in 0.15 M phosphate buffer. After
fixation, the embryos were rinsed several times in phos-
phate-buffered saline and stored until embedding. Speci-
mens were dehydrated in ethanol and embedded using
the Leica historesin embedding kit2 without modification.
The histochemical technique used in this study was Rid-
derstra˚le’s resin method (1976; 1991). After polymeriza-
tion at room temperature, 2 µm thick sections were cut
with a microtome using glass knives. The sections were
placed on a water surface to stretch and were then incu-
bated, floating on the incubation medium for 6 min. The
incubation medium contained 3.5 mM CoSO4, 53 mM
H2SO4, 11.7 mM KH2PO4, and 157 mM NaHCO3. After
2www.leica.com.
incubation, the sections were rinsed in 0.67 mM phos-
phate buffer, pH 5.9; transferred to 0.5% (NH4)2S and
finally rinsed in two successive baths with distilled water.
Before mounting, some of the sections were counter-
stained with azure blue. Neighboring sections were also
stained with hematoxylin-eosin for morphological
studies.
The specificity of the CA-positive black reaction prod-
uct was checked using the CA inhibitor acetazolamide.
The sections were first preincubated in a 10−5 M solution
of acetazolamide for 30 min and then incubated as above
with 10−5 M inhibitor included in the medium.
OBSERVATIONS
Unincubated Embryos
Embryos from eggs stored for 2.5 d were in Stage VIII
and possessed the appearance previously described by
Gupta and Bakst (1994). Histologically, the epiblast was
composed of cuboidal cells two to four layers thick (Fig-
ure 1). Occasionally, small clusters of five to six cells
extended ventrally toward the subgerminal cavity. Em-
bryos from eggs stored 21 d were more difficult to stage
because they often had a more attenuated appearance,
particularly the area opaca. Histologically, the most con-
spicuous characteristic was the near absence of the subg-
erminal cavity. Furthermore, the epiblast appeared some-
what disrupted and lacked an organized appearance. An-
other feature observed in about 20% of the epiblast cells
from stored eggs was a perinuclear vacuole, possibly a
ballooning of the nuclear envelope (Figure 2). This was
not observed in blastodermal cells from eggs stored for
2.5 d. Regardless whether the embryo was derived from
a 2.5- or 21-d-stored egg, CA staining was not observed.
24 h Incubation
Embryos from eggs stored for 2.5 d were in Stages XI
and XII (Gupta and Bakst, 1994) and were characterized
by a nearly completed (Stages XI) or complete hypoblast
(Stage XII), respectively. Hypoblast cells were discernible
by their central location in the area pellucida immediately
ventral to the epiblast cells, their larger diameter, and
more numerous intracellular lipid droplets when com-
pared to the epiblast cells. At this stage of incubation, it
was common to see the plasmalemma of the hypoblast
cells stain moderately CA-positive, while the apposed
epiblast cells generally remained unstained. Staining in-
tensity of the hypoblast cells between and even within
specimens seemed to vary. Embryos from eggs stored 21
d maintained that disorganized and collapsed appearance
observed in the unincubated eggs with little space be-
tween hypoblast and epiblast layers and the underlying
white yolk. Staining was sparse and limited to hypoblast
cells. Regardless if the egg was stored or not, cells subja-
cent to the epiblast at the area opaca appeared inter-
spersed with the white yolk spheres. These cells, which
were moderately positive for CA (Figure 3), were referred
to as area opaca endoderm (Bellairs and Osmond, 1998).
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FIGURE 1. Carbonic anhydrase (CA)-negative epiblast cells are observed in the area pellucida of an embryo from a fresh egg.
FIGURE 2. Peri-nuclear vacuoles (arrows) were limited to epiblast cells of blastoderms from stored eggs.
FIGURE 3. CA activity (black reaction product) was observed in the germ wall (GW) of a 24-h incubated fresh egg.
FIGURE 4. CA activity was observed in the germ wall (GW) of a 48-h incubated fresh egg and the endoderm (ED) at the periphery of this
embryo. The primitive streak is also observed (arrow).
FIGURE 5. At higher magnification, CA activity is clearly observed throughout the germ wall (GW) of a 48-h incubated fresh egg and lining
the endodermal cells (ED).
FIGURE 6. In the area vasculosa of this embryo from a fresh egg incubated for 48 h, blood islets (BI) were observed between the CA-negative
ectoderm (EC) and CA-positive endoderm (ED).
FIGURE 7. In the area vasculosa of this embryo from a stored egg incubated for 48 h, a mesodermal cell (arrow) appears between the flat, CA-
negative ectodermal cells and CA-positive endodermal cells. The black reaction product is limited to the basal and lateral plasma membranes of
the endodermal cells.
FIGURE 8. In the area vasculosa of this embryo from a fresh egg incubated for 72 h, a blood islet (BI) is nearly enveloped by CA-positive
endodermal cells. The apical membrane of the endodermal cells, which abut to yolk, is CA-negative (arrow). In the absence of a counter stain, the
black CA-positive reaction product is clearly observed.
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48 h Incubation
Transverse sections revealed clearly the ectodermal,
mesodermal, and endodermal layers of the embryo (Fig-
ure 4). The yolk sacs of embryos from eggs stored for 2.5
and 21 d were clearly discernible, and at the histological
level, no differences were observed. Black reaction prod-
uct indicating CA activity was present through the germ
wall (Figures 4, 5) and into the yolk sac (Figure 6). The area
opaca endoderm, now referred to as endoderm, combined
with splanchnic mesodern to form the yolk sac. The
splanchnopleure of the yolk sac is composed of several
different layers. Adjacent to the yolk are the endodermal
cells, which are conspicuously large and contain yolk
granules (Figure 7). The plasmalemma on the lateral and
basal faces of the endodermal cells stain strongly for CA.
In contrast, the plasmalemma abutting the yolk was con-
spicuously CA-negative (Figures 6, 7). In areas where the
mesoderm had not migrated, the endodermal cells were
subjacent to the ectoderm. These ectodermal cells were
relatively flat and CA-negative (Figure 7). At this stage,
the CA-negative mesodermal cells infiltrated between the
CA-positive endodermal cells and CA nonpositive ecto-
derm. In the area vasculosa, islets of weakly CA-positive
blood cells were observed (Figure 6).
72 h Incubation
The yolk sacs from stored and unstored eggs were
characterized by a complex array of layers interspersed
with blood islands. Like the 48-h embryo, no discernible
differences were observed between eggs storaged for 2.5
and 21 d. The voluminous endodermal cells remain
strongly CA-positive (Figure 8). Furthermore, the weakly
CA-positive blood cells were contained by a CA-negative
capillary endothelium. Interspersed throughout the yolk
sac were occasional clusters of endodermal cells several
layers thick, all CA-positive.
Controls
In the negative-control sections, endodermal cells were
consistently negative (not shown). However, yolk and the
presumptive blood cells occasionally had a slight nonspe-
cific reaction product (not shown).
RESULTS AND DISCUSSION
Within the first 72 h of incubation, the turkey embryo
undergoes significant development including gastrula-
tion, establishment of the extra-embryonic membranes,
and the onset of blood-island formation. During latter
part of this period, the yolk sac also appears and is actively
expanding around and enveloping the ovum’s yolk mass.
It was apparent that if the embryos from eggs stored for
21 d did not die, the impact of egg storage on yolk sac
formation was not discernible. Yolk sac formation and
the formation of other extra-embryonic membranes were
reviewed by Bellairs and Osmond (1998) and Baggott
(2001).
After egg storage for a period as short as 5 d, the
germinal disc possesses distinctly aberrant histological
characteristics. These include the absence of or reduced
extent of the subgerminal cavity, a condensed and disor-
ganized epiblast, occasionally flocculent material be-
tween the perivitelline layer (PL) and the epiblast, and a
ruffled outer PL (Bakst and Akuffo, 2002). The ruffled
outer PL has been observed with mottled yolks (Fasenko,
1995). Bakst and Akuffo (2002) also observed that after
10 d of storage, blastodermal cells no longer had a distinct,
high cuboidal appearance and, in fact, seemed to be
smaller in volume and their nuclei less prominent. Occa-
sionally, pyknotic and apoptotic nuclei were observed.
In addition to these aberrant changes, storage for 21 d
resulted in a ballooning of the nuclear envelop in the
epiblast cells.
Our work has provided some insight into yolk sac for-
mation in the turkey embryo. Bennett (1973) first detected
cysteine lyase, an enzyme that is specific for yolk sac
endoderm, in the germ wall of the chick embryo. In this
study, a CA reaction product was also observed in the
germ wall, that portion of white yolk subjacent to the
epiblast forming the area opaca. Interestingly, the CA
reaction product in the germ wall was evident before
endodermal cell proliferation. In fact, the space between
the white yolk spheres become dense with reaction prod-
uct through 72 h of incubation.
Using the same histochemical procedure, Latter and
Baggott (2002) also found CA activity associated with the
endodermal cells of the area vasculosa in Japanese quail.
The CA reaction product was primarily localized to the
endodermal cell’s lateral plasma membranes. They con-
cluded that the CA associated with the endodermal cells
was the membrane-associated form, CA IV, and that the
primary function of these cells was the production of
subembryonic fluid.
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